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Abstract
Diffusion coefficients of oxygen (£>0i) and hemoglobin (£>Hb) were obtained from measuring the oxygen flux through 
thin layers of hemoglobin solutions at 20°C. The liquid layers were supported by a membrane and not soaked in any filter 
material. Oxygen fluxes were measured from the changes in oxygen partial pressure in the gas phases at both sides of the 
layer. A mathematical treatment is presented for correct evaluation of the measurements. Measurements were done for 
bovine and for human hemoglobin. Hemoglobin concentrations (CHb) were between 11 and 42 g/dl, which covers the
couldconcentrations in the erythrocyte. Both D0> and D Hb  be fitted to the empirical equi 
Q ih/^i)10“cl!1,/c '• The following parameters were obtained: D0 = 1.80 X 10“9 m2/s, C, = 100 g/dl, C
iti on D D „ (  1
119 g/dl, for
oxygen and D0 - 7.00 X 10"11 nr/s, C, = 46 g/dl, C2 = 128 g/dl, for hemoglobin. No difference between the diffusion 
coefficients of bovine or human hemoglobin was found. The diffusion coefficients of hemoglobin were higher than most 
values reported in the literature, probably because in this study the mobility of hemoglobin was not hindered by surrounding
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1. Introduction
Facilitated oxygen diffusion occurs like plain dif­
fusion under the driving force of an 0 2 gradient if a 
carrier (e.g., hemoglobin) is present which binds O 
at the high 0 2 concentration s md releases it at
the low O ation Facilitated oxygen
usion was first demonstrated by Klug et al, [1] 
who found that the oxygenation rate of thin layers of
was higher than expected from
*
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usion may conti 
md release of the ei
-51.
the rate of plain oxygen diffusion only. Since, a large 
number of publications about the mechanism and the 
mathematical description of facilitated diffusion 
peared. A review was written by Kreuzer and 
[2].
In vivo, lac 
rate of oxygen 
which rate of
oxygen transport from the cell wall to 
dria may be increased in the 
[6,7]. For mathematical 
all species involved have to be incorporated. How­
ever, especially u s i o n lc lent
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hemoglobin (D m), which is a crucial parameter for 
facilitation, is not known accurately, particularly not 
in the red cells.
In the present work D Hb was obtained from mea­
surements of facilitated oxygen diffusion through thin 
liquid layers of hemoglobin solution. The method 
deviated from the usual set-up where the diffusion of 
labelled molecules through a soaked porous filter was 
measured. Here, Hb is present in a liquid layer 
supported by a non-porous membrane. Thus the mo­
bility of the hemoglobin molecules was not hindered 
and DHb obtained in this way pertained directly to 
calculations of facilitated (X diffusion.
Table 1
Hill parameters for Eq. 1 (20°C)
Tris/Mops buffer (pH 7.4) Bovine Hb Human Hb
addition ii
(Pa)
n *50
(Pa)
No salts 
0.1 M KC1
0.1 M KC1 + DPG (40 mM)
2.95
2.75
680
1740
2.40
3.00
2.70
120
420
1210
where the parameters n and P50 were determined in 
a separate study under the same conditions as in this 
study. These are given in Table 1.
2. Materials and methods
2.2. Diffusion chamber and diffusion layer
2.1. Preparation and oxygen affinity 
hemoglobin solutions
the
Human or bovine erythrocytes were lysed in dis­
tilled water and centrifuged. The supernatant 
hemoglobin solution was dialysed and deionized on a 
mixed-bed ion exchanger. The hemoglobin concentra­
tion was 11-42 g/dl (1.7-6.5 mM tetrameric con­
centration) which includes the physiological concen­
tration range in the erythrocyte. High concentrations 
were obtained by ultrafiltration (Amicon Diaflow, 
PM30 membrane). The solutions were buffered with 
a mixture of Tris and Mops (50 mM, pH 7.40), 
without or with 100 mM KC1 and in case of human 
hemoglobin without or with 40 mM 2,3-diphospho- 
glycerate (DPG). Pyridoxylated human hemoglobin 
(Hb-NFPLP) was also used and was a gift from Dr. 
H. van der Plas (Netherlands Red Cross Blood Trans­
fusion Service [8]). In pyridoxylated hemoglobin, to 
be used as blood substitute, the a/3-dimers are bound 
together covalently. The hemoglobin concentration 
and the percentage of methemoglobin were measured
spectrophotometrically [9].
The oxygen affinity of the hemoglobin solutions 
was required for the evaluation of the experiments. 
The relationship between the oxygen pressure P and
the oxygen saturation S (0 
with the Hill equation:
1) was described
p n
S p  n I p n
r  ^  50
( i)
The diffusion chamber was in principle equal to 
the type described earlier [6,10], It consisted of two 
gas chambers (ca. 0.25 ml each) separated by a 
stainless steel ring holding the diffusion layer. Each 
gas chamber was fitted with a miniature Clark-type 
0 2 electrode and a valve to flush N2/ 0 2 mixtures. 
The gases were carefully humidified to minimize 
evaporation or condensation of the liquid diffusion 
layer.
The diffusion layer was prepared as follows, using 
a binocular if high precision was required. A gas 
permeable supporting membrane was glued under a 
stainless steel ring of 95-105 /nm thickness and 4 
mm diameter. This membrane was 6.4 or 3.2 /xm 
Teflon and later microporous polypropylene (Celgard 
2000) which has a very high permeability for gases. 
The hemoglobin solution was spread over the mem­
brane, giving a layer of about 100 /xm thickness. The 
exact thickness L was determined before and after 
the diffusion experiment from measurement with a 
micrometer (accuracy ±0.5 /im) in the centre of the 
layer. Evaporation or condensation led to a slightly 
concave or convex surface. Thus the volume change 
AV associated with AL is [10]:
1
6
7tAL(3 r2 + AL2)
1
2
7rr2AL (2)
where r
*
term AL
is omitted in the right part of the equation because 
A L ^ r  (max. 15 fxm vs. 4 mm). From the volume 
change the inverse change of the hemoglobin concen­
tration was calculated.
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The maximal accepted change of the thickness AL 
as measured in the centre of the layer was 15%. 
Within one experiment measurements of plain and of 
facilitated diffusion were grouped. For each group a 
mean L and mean hemoglobin concentration was
hemoglobin S (0 < S < 1) and combination of param­
eters leads to [6]:
J
L
(AP LO (5)
0.1 °C.
temperature was 20 ±
where APU) and AS are the 0 2 partial
difference and saturation difference across the liquid
2.3. su re men Is
layer:
Prior to a measurement the gas chambers were 
flushed during ca. 15 minutes, to produce stable 
gradients in the diffusion layer. Then the valves were 
closed and the increasing and decreasing PQ s were 
measured in the gas chambers with low and with high
AP LO
and:
&
PL
a  ’
p •
m p AS SL so
D ou  CMb Hm
ofi
(5a)
(5b)
Po ,  » . The i course of the Po ,
indicated steady-state diffusion. Data acquisition and ^  *s ^e  physical 0 2 permeability (Krogh’s diffusion
coefficient), CHm is the 0 2 binding capacity of the
hemoglobin, i.e., the heme concentration. PF is the
so-called facilitation pressure and expresses the maxi-
computer
2.4. Oxygen solubility coefficient a
The oxygen solubility coefficient a was calcu-
lated according to [11]:
a
a H , o 0  +
312CHb -  b • [salt]) (3)
adapted for CHb in g/dl. [salt] is the molar concen 
tration of salts including the buffer. arH>0 = 1.365 X
10"5 M/kPa at 20°C and b = 0.3 M~r [12] is con
slant up to 400 mM salt concentration. In our study 
the maximal salt concentration was 150 mM. Note 
that a  slightly increases with increasing hemoglobin 
concentration.
3. Theory of facilitated diffusion
At steady state, 
layer is the sum of
bound [2]:
total 0 2 flux J through the
free and
J D
4 0 ,1
o ,
L
+ 1)
¿[Hb02]
Hb
L
(4)
where D x is the diffusion coefficient of species X
across theand A[X] is the concentration
liquid layer of thickness L. Introduction of the 0 2
mal virtual 0 2 pressure difference (when AS=1) 
that adds to (facilitates) the total 0-, flux J  [13].
The relationship between J and the measured 
dP/dt is derived from the ideal gas law, PV  = nRT, 
and J • A — dn/dt, where V is the volume of the 
respective gas chamber, A is the diffusion surface 
area, R is the gas constant, T is the absolute tempera-
ture and is the number of For a fixed
volume of the gas chamber, this gives:
J-ART
± V ,-
d P */
M M M im
di
(6)
The sign in Eq. (6) depends on whether &Pt/d t  is 
measured in the upper (top; / = t, +) or lower (bot­
tom; / = b, —) chamber. Combination o f Eqs. (5) 
and (6) gives the relationship between dP /d t  and 
APU). However, two factors must be accounted for:
(1) the supporting membrane adds an extra diffu­
sion
(2) the counterflux of N2 which is the supplemen­
tary gas, does not balance the 0 2 flux. This leads to a 
volume transfer from one chamber to the other and 
thus to bulging of the diffusion layer. In that case the
measured dP /d l is not 
Eq. (6) must be corrected. 
The elaboration of
to J  [10] and
items is in the
partial P, the fractional iind leads to the following relationship be-
130
S.Th. Bouwer et al./ Biochimica et Biophysica Acta 1338(1997) 127-136
áP/dt
AP:
á P ,
d t
± a¡{(\
where
a i
ART
“ v T
c •P¡)AP+( 1 cF ■ P.) PF 45}
(7)
&
L ■ (1 + Xb)
(7 a)
dP/dt (Pa/s)
2
upper
1 -
1— i— i— I— Ï — *
-80 -60 -40
■H-» "..
-20-''
chamber 0 "
AP or AP' (kPa)
X —
lower 
"2 -
■ ■
£ - * - ■■1......................... I - »
*--.20
- i' "t~-l...I i l i I" I
40 60 80
chamber - ¿>:  ~
W . © '
and
AP = Ph — Pt (7b)
Fig. 1. Diffusion experiment with bovine hemoglobin. Abscissa: 
0 2 partial pressure difference across the layer (AP)  or apparent 
(AP' =(1 - cPt)AP\ see Eq. (7)). Ordinate: rate of change in 
P0i in each gas chamber. - - X - plain diffusion. — O 
facilitated diffusion. Arrows indicate AP shift to AP' for layer 
bulging as explained in text.
where Xb is a correction for the supporting mem­
brane and c and cF are corrections for layer bulging.
These corrections are explained in Appendix A. Note 
that AP of Eq. (7b) is now the 0 2 partial pressure
difference across the whole diffusion layer including 
the supporting membrane, in contrast to Eq. (5a)
where APU) is the 0 2 pressure difference across the of the supporting membranes was determined in sep-
liquid layer only. arate experiments, to obtain the Xb of Eq. (7a) and c
as well as cF (see Appendix A).
Facilitated diffusion was measured by flushing one
chamber with pure N2. This was always the upper 
4. Evaluation of the experiments chamber where there is direct contact between the
gas phase and the solution: at that side S, which is 
Fig. 1 represents a typical diffusion experiment, most sensitive towards back pressure, is not disturbed
with measurements of plain (X ) and of facilitated 
(O ) diffusion. Measurements yielded dP/dt in pairs, 
i.e., for the upper and for the lower gas chamber.
a membrane 
minimal vali
o
side iSL was calculated from PL
0). At the lower 
with Eq. (1). AS
Plain 0 2 diffusion was measured by applying back approaches unity if PL exceeds 10 kPa. Then facilita- 
pressure of 0 2, i.e., high 0 2 pressures in both cham- tion reaches a maximal value. Indeed the upper solid
bers. Then, 5=1  throughout the layer and AS 0
a; was[2]. The term PFAS in Eq. (7) disappears, 
fitted to the data points by least-squares analysis [10] 
and yielded the permeability & (Eq. (7a)) and from 
that (Eqs. (3) and (5b)). The measurements were 
done with the higher 0 2 pressure side alternating in
line in Fig. 1, calculated from Eq. (7) with P- 0 ,
runs
dP /d
due to plain diffusion [2]. The lower solid line, 
dPh/d t against AP' of the lower dotted line, does
not run Darallel to that line because, nf the nnri7e.ro P-
the lower chamber (points right of the ordinate) and of Eq. (7). Accordingly, the measurements were 
in the upper chamber (points left of the ordinate). The transferred to AP’ as indicated by the arrows. Note, 
dotted lines in the figure are the straight lines dP/dt that the corrections for layer bulging are in the lower
AS
±aiAP according to Eq. (7) with ^  = 0 and 
0. The measurements do not lay on these 
straight lines if P{ 0, but they will be on the lines 
when transferred to a AP' (1 c-PÒAP. This
relocation is indicated by the arrows in the figure. &
P i  ..............................................................
yielded PF from 
solid lines. Z>Hb 
using Eq. (5b).
chamber because 
le measurements
was calculated from PF and
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5. Results
5.1. Membrane properties
The permeability of Tellon membranes was 
measured independently in experiments without a 
liquid layer and varied between 0.32 and 0.38 X 10“ 11
mol m l kPa l s I There was no difference be-
tween 6.4 and 3.2 ju,m membranes note that ¿P is
a characteristic of the material, independent of the 
membrane’s thickness. These values agree with data 
from the literature (0.38 X 10" 11 mol m l kPa
s [14] and 0.37 X 10
»T-V-T1 1 I mol m
***** f »H i 31 1 s 1 [10]
after recalculation to 20°C according to [14]). In 
microporous Celgard 2000 membrane the resistance
for gas was
Pf (kPa)
30
20
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0
'I-f* 1
" "V f
0
/ «
o
o
/
m
■
M
t
)
m
s
\
10 20 30 400
CHb (g/dt)
Fig. 3. Facilitation pressure PF against hemoglobin concentra­
tion; symbols as in Fig. 2. Calculation of curve explained in text.
5.2. Plain 0-, si on; Do,
In Fig. 2 the oxygen diffusion coefficient DQ^  in
«M
hemoglobin at various concentrations is given. There 
was no difference between bovine, human or modi-
fied human hemoglobin. The regression line in Fig. 2 
was obtained by fitting the following empirical equa­
tion:
Doa (m2/s)
2
1 0-0
8
7
6
3
0
X. a
y
,i I. 
i j
•■’■'y * ‘ ■ ....... ■ — ~f— • nT-rtrniirtg‘ljlj '■ * l~,‘j ■*J ~l
*
'J* 
X
'4
a
1 0 20
CHb (g/dl)
30 40
D Do 1
c
1 0  -c„h/c <kj
where D() is in absence of
in, C is the 
tnd C, and C-, are o
1% L*
lated from [17], who 2.07 X 10
9 m2  /  s
25°C, to D()= 1.80 X 10-9 n r /s  at 20°C, using a
2.8%/°C [18]. C, and C2temperature
are characteristic hemoglobin concentrations and were
calculated least-s
were C MUM M
g/dl.
5.3. Facili 2
c"2
i w m u  I  
IW « I
Fig. 2. Diffusion coefficients of oxygen 
concentration. Data from literature: X,
o, ^  
[ill;
« I 1
Present data: O , bovine Hb in 50 mM Tris/Mops buffer + 100
mM KC1; ▼, human in 80 mM Tris/Mops buffer+ 80 mM
KCI + 20 mM DPG; a , modified human Hb (Hb-NFPLP) in 50
mM Tris-HCl , bovine Hb in mM Tris/Mops
buffer, salt-free. Bars indicate standard
surements. The line is according to Eq. (8) with D
n r/s , C, -  100 g/dl, C2-119 g/dl.
deviation of 4-7 mea-
X 10 “90
Measurements of facilitated diffusion yielded pri­
marily the facilitation pressure PF. The dependence
of Pa on concentration is
concentration Pv increases because
m
Fig. 3. Pp reaches a maximal value at 26 g/dl; up to
the in
creasing carrying capacity of the solution (C
Eq. and above this concentration P
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Dhò (m2/s)
1 0-io
■'-K
5
4
□
e
□ x *
■+ X
f-*
■f
*
1 0-11 x+ + rv
N .
*
5
4
3
N
i
D v\
e
1 CM*
0 10 20
CHb (g/dl)
30 40
. 4. Diffusion coefficients of hemoglobin DHb against 
hemoglobin concentration. Data from literature: *, [19]; ©, [20]; 
+ , [21]; O, [22]; X, [11]; □, [16]. Other symbols as in Fig. 2. 
The line is according to Eq. (8) with D() = 7.00X 10” 11 nrr/s, 
C, = 46 g/dl and C2 = 128 g/dl.
because D m decreases due to the higher viscosity.
was markedly lower in solutions of salt-freePF
bovine hemoglobin (■) and modified human 
hemoglobin ( A ). The curve in Fig. 3 was calculated 
from Eq. (5b) by combination of the functions for a 
(Eq. (3)) and for D0i and for D m (Eq. (8); see 
below).
DHb was calculated from PF, 3P and CHm (Eq.
(5b)). Fig. 4 shows the results. Like PF, also Z>Hb 
was lower in solutions of modified human hemoglobin 
( A ) and salt-free bovine hemoglobin; the salt-free 
measurements are not shown to avoid overcrowding. 
Both types of measurements were lower probably due 
to a low C l“ concentration. The differential binding 
of CP by oxyhemoglobin and by deoxyhemoglobin
at low C l" concentration, an electrical
lowers the hemoglobin 
mobility [13,23]. These gradients can be avoided by 
using either salt-free solutions or adding at least 80 
mM Cl~. However, the stripped bovine and modified 
human hemoglobin solutions had a low salt concen­
tration. Therefore, these were not used in the follow­
ing calculations of £>Hb. The line in Fig. 4 was 
calculated similarly as that for Da . D() was recalcu­
lated from [17] to 20°C using a temperature coeffi-
gradient which
cient of 2.3%/°C [21] which D o 7.00 X
il m2/s. C, and C2 were fitted and were 4610 “
g/dl and 128 g/dl, respectively.
6. Discussion
enee is
The present values for D0i agreed with literature 
data, in particular with those of [11] ( X )  which were 
also obtained in homogeneous solutions. The regres­
sion line of Fig. 2 also coincides closely with the 
curves given in the literature [17,24]. In contrast, the 
present values for D Hb were higher than those found 
in the literature, especially at high hemoglobin con­
centration where the present values often were more 
than two times higher (Fig. 4). This 
probably due to the method used in this study which 
differs in two respects from the methods generally 
used in the literature.
First, in the literature Dnh was generally obtained 
from the flux of labelled hemoglobin whereas in this 
study facilitated 0 2 diffusion was measured. Facili­
tated 0 2 diffusion will be determined by four pro­
cesses; (a) translational diffusion of hemoglobin, con­
sidered to be the primary process in this study; (b) 
rotational motion in which hemoglobin takes up 0 2 
and releases it after half turn rotation; (c) electrical 
gradients; and (d) reaction rates between hemoglobin 
and 0-,. The contribution of rotational diffusion can
be neglected because the relaxation time for rotation 
of hemoglobin is 4-5 orders of magnitude smaller 
than the relaxation time of the reaction between 0 2 
and hemoglobin [25,26]. Electrical 
probably absent in those solutions
were
contained
more than 100 mM KC1. A limited reaction rate 
would cause a decrease of the facilitated 0-, flux for
increasing £P  [2] but no such decrease was seen in
top solid line in Fig. 1. Moreover, both
and chemical non-equilibrium
this study 
electrical
would lead to a lower DHb; thus, concerning these 
two processes the values for D Hb as found in this 
study are minimum values.
The second difference of the present experimental 
set-up with the literature is that in the latter soaked 
filters were used, also in the recent study of [16], 
whereas in this study (and in those of [19] and of
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[11]) a homogeneous solution was used. In a homoge­
neous layer convection or stirring might increase the
apparent D Hb- However, in that case i) also D
would have been higher and ii) the discrepancy be­
tween the present Z)Hb and the literature data would 
increase at low hemoglobin concentration 
stirring will be more marked at a lower viscosity.
On the other hand the mobility of hemoglobin may 
be reduced in soaked filters. There is evidence 
interaction of hemoglobin with 
and also porosity and tortuosity of the filter material
material [27]
have a marked influence [2]. Adams and [20]
could only force hemoglobin into their sintered glass 
filters by flushing the latter first with C 02; the 
hemoglobin solution then replaced C 0 2 by dissolving 
the gas. Fig. 4 shows that their values for D Hb (© ) 
are very low. Moll [19] measured Z)Hb (* ) in a pile 
of Millipore filters and in a homogeneous layer. The 
latter method gave 10-30% higher values which led 
Moll to the conclusion that filters are probably not 
suited for diffusion measurements. Two studies were 
done under comparable conditions as the present 
study. Spaan et al. [11] performed spectrophotometric 
measurements in a homogeneous layer of hemoglobin 
solution. As shown in Fig. 4 their values for DUb ( X ) 
are highest among the literature data. Recently, Chen 
et al.
ments of facilitated diffusion, but using soaked fil­
ters. Indeed their values for D Hb are lower, like the 
other data obtained with soaked filters.
It is concluded that the discrepancy between the 
present values for DHb and the data from the litera­
ture is probably due to a reduced mobility of
obtained D0 and D Hb (□) from measure
hemoglobin in filters. Thus concerning facilitated 0 2 
diffusion in vivo the present values for are most 
pertinent since they were obtained from facilitated 0 2 
transport itself with freely mobile hemoglobin.
As mentioned in the introduction, facilitated diffu­
sion may contribute to the rate of oxygen uptake and 
release by the erythrocyte. In their review, 
and Hoofd [2] gave values of between 30% and 60%
contribution of facilitated diffusion to the total diffu-
sion contributes to about 40% to the deoxygenation 
rate in both cell types, but at low P0i the deoxygena­
tion rate of the sickle cells was lower, possibly due to 
polymerization of Hb-S which decreases its diffusion 
coefficient. These findings indicate the importance of
reliable data of DHb- Such data are also needed in
mathematical models describing the effect of limited 
reaction rates in the transport pathway.
The equations used for the diffusion coefficients 
(Eq. (8) and Figs. 2 and 4) were empirical. However, 
the characteristic hemoglobin concentrations C, may
have physical meaning. At CHb = C,, DHh or Z)0i 
equals zero. Supposing that Hb diffusion stops if the 
hemoglobin molecules are just touching, and 0 2 dif­
fusion stops if the molecules are closely packed, C, 
also can be calculated: the dimension of hemoglobin 
is 6.3 X 4.0 nm, and the molecular weight is 64450. 
Just touching occurs at an occupied volume of (6.3)3
~ 250 nm3, close packing occurs at an occupied 
volume of 4 X 4 X 6.3 ~ 101 nm3. With the help of 
Avogadro’s number it can be calculated that the 
hemoglobin concentrations for ‘just touching’ and 
‘close packing’ are 43 g/dl and 106 g/dl, respec­
tively. This is in remarkable agreement with the 
experimental values of 46 g/dl and 100 g/dl. Note, 
however, that the describing equations are only for 
the limited range of Hb concentrations covered here 
and should not be extended to concentrations where,
e.g., the O m i grate the Hb molecule
Appendix A
Eq. (5) expresses the relati between the 0-,
partial ■enee across the fluid layer,
A -P.,,, the saturation difference AS and the total 0-,
flux J. However, in the experiments not J but the 
course of the 0 2 partial pressure dP/dt is measured; 
as explained above dP/dt is not proportional to J 
due to membrane bulging. The relationship between 
dP/dt and AP
Hoofd et al. [10]
sional transport. Facilitated diffusion or rather its 
absence may also have pathological significance in 
the functioning of sickle cells. Recently Liu et al. [28] 
have compared the oxygen uptake and release rates membrane or a multilayer system). Here, this elabora-
r plain diffusion through a 
layer (e.g., a dry polymer
of normal and sickle cells. These authors found that 
at intermediate oxygen concentration facilitated diffu-
tion is extended for facilitated diffusion incorporating 
the diffusion resistance of the supporting membranes.
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A. 1. Correction for supporting membranes
Across the supporting membranes only plain 0 2 
diffusion occurs which is described by Fick’s law as:
J
& b
d
b P l )
b
(P 0 P,) (A .l)
where ¿Pb, and db, dt are the permeabilities and 
thicknesses respectively of the supporting membranes
and Pb and Pt are the 0 2 partial pressures in the
adjacent gas chambers. The total driving force across
the layer, AP + PpAS where AP now is the 0 2 
pressure difference between the gas chambers, is 
expressed as, extending Eq. (5):
AP + Pf A S = (P
h
+ ( Po
Jd b
Pò
JL Jdt
b
C4
(A.2)
t
so that the flux can be written as:
J
¿ 0  + Xb + A't)
(AP + PFAS) (A3)
with thickness fractions and
db &
L &
Xt
b
¿ i f !  
L &>.
(A.3a)
and with 0 2 partial pressure difference
AP P — P r b r t (7b)
For the N2 flux, which is needed below, a similar 
equation can be derived, reminding that PF = 0 in 
case of N2 diffusion:
7(N2)
0
L( 1 + x'b + XÍ)
AP (A.4)
where (H)  is the permeability ratio f°r the
whole layer and xi are the thickness fractions for 
N2.
The advantage of using the thickness fractions is 
that instead of three flux equations (Eq. (5) and A .l) 
only one flux equation (Eq. (A.3)) suffices. The 
supporting membranes with distinct permeabilities
are replaced by virtual layers and 
XtL with equal permeabilities &  as the liquid layer.
Also, the APL0 = PL — P0, across the liquid layer
(Eq. (5a)), is replaced by AP = Ph — Pt, between the 
gas chambers (Eq. (7b)). AS = SL — S0 like in Eq. 
(5a). Note, that in the present experiments only one 
supporting membrane was used, so there is only one 
thickness fraction * b.
A.2. Correction for layer bulging
As explained in the theory the inequality of the 0 2 
and N2 fluxes caused bulging of the diffusion layer 
and thus volume transfer of one gas chamber to the 
other. Mathematically this implies that Eq. (6) should 
include the term dV/dt, which leads to:
J-ART V,
\
d P :
dt
dV, \
- + P, ■
df J
(A.5)
there
between J and dP(/d i, due to the term dVj/dt 
dV,/dt is not measured, but Hoofd et al. [10] gave ; 
method to eliminate this term in case of plain diffu
diffusion as
follows:
• For each gas in each chamber the term dP/dt 
is explicitly obtained from Eq. (A.5) which leads to 
four equations of the general form:
d P .  •u j 
d /
T ART ■ J,
dV¡ 
p  — :
l'J dt
V,
(A.6)
where / = t(op) or b(ottom) and j  = or Nv
Because of the different (X and N-, fluxes a
total pressure difference PT between the gas cham-
bers evolves. This rate dPT/d f is:
d P - r dP b ,02 dP
dt d?
b,N 2
dP t , 0 ,
4»
dP
dt dt
+
t ,N,
dt
(A.7)
Each term dP,. ¡/dt in Eq. (A.7) is replaced accord­
ing to Eq. (A.6). With due observance of the + and
signs and since dVt/djr dVb/d t this leads to:
dP T
ART(J0 +yNa)± p T
dV¡
dt
df V.
(A .8)
where l/V r— \/Vb+ \/Vv and it is assumed that 
PT does not deviate much from its initial value.
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• The mechanical balance between the total pres­
sure difference APr and the volume change of each 
chamber AV- is expressed as:
AVi TgAP.r (A.9)
where g is the compliance of the supporting mem­
brane. It is assumed that g is constant because AV.-
and APr are small. In Eq. (A.8), dPT/d f  is replaced 
by T O / g) • dVj/dt so that:
d V :I
d t
T
ART-{J0^ J h)
^  étn m*
P 'Y  (  1 +  CÜ )
(A .10)
bulging of the membrane which was measured with 
the micrometer as a displacement AL in the centre of 
the membrane. Because the overpressure is perpen­
dicular to the membrane the bulging is spherical [10] 
and the increase of the chamber volume (^V b) was 
calculated from AL using Eq. (2). Insertion of AV 
and APT into Eq. (A. 10a) yielded oj. For Teflon 
membrane, co was 0.3-0.5; for Celgard membrane, 
which is much stiffer, oj was 24-27 which implies 
that the correction for layer bulging was very small.
b
where: References
V. a p t/ p T
Ù)
gPr AVh/V r
(A.10a)
• Now, Eq. (A.3) and Eq. (A.4) are substituted in 
Eq. (A. 10), and the new Eq. (A. 10) and Eq. (A.3) 
into Eq. (A.6). This leads to Eq. (7)
d PI
d t 
where
cP,)AP + (\ -  cFPf)P?AS}
ART
a i
v, L ( l+ X b)
(7a)
Afh
L &
(7c)
b
1 (h)V /  y l
c
P J (1 + 00 )
c P (7 d)
(7)
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